In th is p a p er an exten siv e stu d y is re p o rte d of th e v e ry rem ark ab le, a n d th u s fa r a p p a re n tly unique, case of th e defo rm atio n in th re e dim ensions o f p ro to c a te c h u ic acid, to w hich a tte n tio n w as d raw n m a n y years ago b y O tto L eh m an n .
zu haben, durch welche sich momentan eine Erschiitterung fortplanzt'. He thus appears to have classified them with the so-called 'fluid crystals', with which he was much occupied at the time, whereas they are quite as solid as the crystals of most organic compounds, and the actual movement producing the bending of crystal 3, shown by motion pictures in figures 16 to 19, plate 8, is similar to th a t of a pendant umbrella case when a cane, inclined at an angle of 30° with the vertical, is pushed down into it.
My attention was drawn to the curious movements of these crystals by Professor H. Rubens, when I was in Berlin in 1910, and I was given a small amount of the material, prepared, I think, by Kahlbaum. My first observations were made with a low-power microscope, employing Lehmann's technique. The most spectacular stage of the recrystallization occurred several minutes after the growths had started, slender, jointed, prismatic rods growing off obliquely from a thick stalk, bending and straightening like the claws of an active shrimp, so rapidly th a t the eye could scarcely follow the* details of the movements. For two decades or more I showed this extraordinary performance to a large number of physicists and chemists, none of whom had ever seen or heard of the phenomenon before.
Having nearly exhausted the material obtained in Berlin, motion pictures of the formation and deformation of the crystals were made with a microscope fitted with a 32 mm. cinematograph camera. These I showed at a meeting of the National Academy of Science and at the Cavendis'h Laboratory in Cambridge in 1938, but published nothing about them at the time. Several different types of crystals are usually formed, depending on the satura tion of the solution, temperature to which it has been heated,-and other factors. Triclinic, isolated crystals, resembling rhombs of Iceland spar, which, for brevity, will be referred to as rhombs, are shown in figures 23 to 27, plate 9; also the jointed rods formed from unstable straight rods by the development of stable segments. These are usually based on rhombs as shown in figures. 25 and 26 or found sprouting obliquely, as claws from a thicker crystalline stalk, of the stable type, usually more or less cylindrical, with a smooth surface, shown in figures 11 to 22, plate 8. The moving claws result from deformations of the oblique rods, and eventually become parallel to the main stalk, crowding as close to it as possible. These transitions will be discussed more fully later.
M o t i o n p i c t u r e s o f t h e d e f o r m a t i o n s
We will now consider the details of the motion pictures made with the material obtained in Berlin, which I have never succeeded in duplicating exactly with the more recently obtained acid from different sources, the thick cylindrical main stalks with smooth surfaces never having appeared again. Figure 3 , plate 7, shows the stable main stalk, with the unstable crystal growing out from it at an angle of about 30° like an ear of corn, and marked 1. Jn figure 4 a short kink is seen, about half-way down, where the transformation into the stable modification is taking place; this portion is seen to be parallel to the main stalk, and its length increases in figures 5 and 6, and in figure 7 the entire upper portion is stable. No downward movement of the deformation is notice able up to figure 6, but in figure 7 it has started, and has carried the overlying portion to the left, bringing its peak into contact with a smaller unstable crystal. W ith continued downward movement of the deformation the peak presses strongly against the small crystal fracturing it in figure 8, and crowding into the closest possible contact with the main stalk in figure 9 . The next picture shows crystal 1 deflected back, and nearly in its original position. To account for this it will be necessary to formulate a theory explaining the movements which take place among the molecules of the crystal during its deformations.
T h e o r y o f t h e d e f o r m a t i o n s I t seems probable that the simplest explanation of the phenomena is to assume th at parallel superposed gliding planes of the crystal lattice may be stationed in two different positions with respect to each other, one stable and the other unstable. The diagram, figure 2, represents the positions of* the planes for the condition shown by the unstable crystal 1 in figure 4 , the black circles representing the molecules of the acid. The main stalk is represented by the vertical column while the oblique unstable crystal is made up of three parts, two oblique unstable portions, separated by a vertical stable one, the former showing a suggestion of internal hexagonal structure, the latter cubical. A shift to the left of the plane A , through a distance of one-half of the molecular diameter, will bring the plane into the stable position, and in making the move ment it will carry the portion of the crystal above it to the left through an equal distance. The repetition of this process in succession by the overlying planes will bring the entire upper part of the crystal into the vertical and stable position, parallel to the main stalk. Plane B then shifts to the left, carrying everything
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above it in the same direction, this process proceeding downward and bringing the now stable crystal into contact with the main stalk.
Very often, under proper illumination, one can see a narrow dark line separating the stable from the unstable portion, and in the case considered the dark lines move in opposite directions, one up, the other down. Obviously the trapping of an unstable segment between two stable ones can also occur if two well-separated lattice planes of the unstable crystal begin to shift simultaneously the successive shifts to the left, proceeding downward from the upper part of the crystal, approach a similar series of shifts from a lower part of the crystal moving upward, the dark lines which separate the joints approaching, instead of receding, from each other, as in the former case.
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R. W. Wood To account for the return of the deflected crystal 1 to its original position, as shown in figure 10, plate 7, and mentioned earlier in the paper, we must bear in mind th at both the main stalk and the unstable oblique crystal 1 based on it, have been growing for some time before the deformations had commenced. This results in the embedding of the lower part of the unstable crystal in the stable surface layers of the main stalk, and it is in this region th at the shifting planes in the unstable crystal meet a resistance th at results in a catastrophe, ruptures of the lattice occurring th at have thrown the crystal back into the position shown in figure 10 . This must have occurred in about sec., as figures 9 and 10 were adjacent 'frames' on the film.
This process of lattice rupture is apparently shown by photographs made years later (figures 25 and 26 of plate 9), showing an unstable rod growing from a rhomb. On the original photograph the embedded portion of the rod is seen through the perfectly transparent rhomb, while in a second picture, made 10 min. later, the lower part of the rod, which was originally nearly parallel to the long diagonal of the 'diamond', has passed over into the stable form, parallel to an edge of the diamond, the portion embedded in the rhomb pulverizing the crystal locally, and causing a black spot opaque to light.
A second sequence, in which the events occur in reverse order from those shown on plate 7, is reproduced on plate 8. Here the lattice rupture is the first cause of the bending of the unstable crystal 3 to one side. We are to follow the move ments of three crystals 1, 2 and 3, the latter being the one causing lattice rupture. Numbers 1 and 2 are side by side, number 2 a little behind number 1. On this plate, figures 11, 12, 13, and 17, 18, 19 , are slightly out of focus, and show the crystals as transparent bordered by black lines, figures 14, 15, and 16 are in focus and show the crystals as opaque, with distinct surface markings.
In figure 12 , rod 2 is passing behind rod 1 and in figure 13 has become stable and parallel to the main stalk, visible in part through rod 1, slightly displaced by refraction. While this has been going on, the oblique portion of the main stalk A B in figure 11 , evidently still unstable, has passed over in figure 12 to the stable condition, and is now parallel to the stable portion of the stalk below A , which process has carried 1 and 2 to the left, leaving a gap between 2 and 3. I t is probable th a t the part A B was formed by the fusion of the unstable oblique crystals 1 and 2. In figure 13 this gap is much wider, the stable condition having ascended to the point indicated by an arrow, while in figure 14 it has nearly reached the upper edge of the figure. In figure 14 the deformation of unstable rod 3 has commenced, but in this case the shift of the lattice planes originated a t the bottom of the rod, where it was embedded in the surface growth of stable stalk, and ruptures occurred almost at the moment at which the picture was taken, throwing rod 3 over to the right as shown in figure 15 , an event similar to th a t in the previous sequence in figure 10 , plate 7. In figure 14 the only apparent change is in the surface markings a t the point where the rod joins the main stalk, the loss of transparency a t the tip of the rod being due to improved focus as mentioned above. In figure 15 the lower portion of the rod has become stable, and the further rise of the line of demarcation between the stable and unstable parts is shown in the following figures, 'out of focus' transparency recurring in figure 17 and persisting up to figure 19, where the entire rod has become stable and straight; figure 20, taken several minutes later, shows the rod opaque, and sprouting, oblique, unstable finger-like crystals which I shall call 'dactyls'. Series 15 to 19 took place in about 7 sec. Figures 20, 21 and 22, added after a recent examination of the 32 mm. film, show the further developments. In figure 22 one of the dactyls has developed into an unstable crystal marked U, the other two. ' deformed ' into the stable condition S, forming a continuation of what is now a 'main stalk '. Further developments are given at the end of the paper.
The successive shifts of the planes once started, may stop suddenly, continuing again after a few seconds, or even stop altogether. As a result of this, one obtains a zigzag crystal, stable and unstable joints alternating, as shown by the photo graphs in figures 23 and 24, plate 9. They usually pass over to a completely stable, straight crystal, though sometimes ' frozen ' as shown by the remarkable example of a large crystal, photographed after it had been taken out of the solution and dried. On the following morning one jpint was found to have straightened out during the night (figures 32 to 34, plate 10).
The nature of the ' trigger ' which starts the shifting of the lattice planes has not been found. It seemed possible th at it might be a thermal ' hot spot ' such as the co-operative action th at drives the particles in Brownian motion. But what stops the shifting, once started, seems to be even more of a mystery, possibly a blocking of a lattice plane by a minute particle of an impurity. Cooling the solution to zero has not been tried.
A more extensive study of the phenomena was commenced in 1939, and it became at once obvious th at it was almost impossible to obtain any results of value if the crystallization was carried on in cells open to the air (Lehmann's method), in which the concentration could not be kept constant, owing to evapora tion, and in which the temperature and rate of cooling could not be accurately controlled. I finally succeeded in making small flat micro-flasks of glass, of the form shown in the upper left corner of figure 40 (front and side view), with sides sufficiently flat for observation of the contents with a binocular microscope of low power, and separated by a space of less than 1 mm.
A solution of the acid, saturated at a known temperature (say 60° C), was intro duced through the open neck by means of a pipette, with a short delivery tube not much larger than a horse-hair, taking care to keep the fluid away from the neck, which was immediately sealed by a very small flame. The flask could then be heated to any desired temperature in a water-bath, kept a t this temperature for a given length of time, to dissolve possible 'seed crystals' left over from earlier trials, and then cooled at a definite rate. I t was hoped th at in this way it might be possible to obtain only crystals of a single type, instead of a collection of rhombs, prismatic rods, claw crystals and needles radiating from a single point. Plate 9, lower left, not numbered. The results, shown in table 1, however, were very discouraging, it being almost impossible to duplicate, except by accident, any condition previously obtained. The above series for a single flask is recorded in full, chosen from scores of other series, as it ended with a most astonishing and unexpected phenomenon, which had not been observed in any previous experiment. I t will be observed th a t in each experiment the yield of crystals and their nature depends on the previous treatm ent of the flask, as well as the time during which it is held a t a definite tem perature above th a t of saturation. In some stages the crystallization starts in a few minutes, in others only after a lapse of an hour dr two. The observations were made with a rather long narrow flask filled with a solution saturated a t 60° C, with a large air bubble at one end, and were carried out over 3 days. When first observed on the second morning, the crystals had united, forming large irregular blocks made up in part from ragged fragments of rhombs.
S p l i t t i n g o f c r y s t a l s a n d s p o n t a n e o u s w h i p -l i k e
MOVEMENTS OF CRYSTAL FILA M ENTS
The above series terminated with a most startling observation. After standing for over an hour a very extraordinary phenomenon was observed, shown in figure  42 Q (1, 2 and 3) . A rapier-shaped crystal made up of two sections divided by a dark line down its centre opened out slowly from the top as shown by 2, until complete separation occurred a t the point, when the two halves instantly whipped
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around into circular arcs, as shown in 3, the movement occupying less than half a second. A photograph hurriedly made of this event is reproduced in figure 31 , plate 9. Initially the two halves of the rapier crystal must have had a molecular structure not unlike that of two circular arcs of a highly elastic material, bent straight and held back to back by some molecular locking together of the two opposed surfaces. In addition, in order to account for the preliminary 'opening u p ' of the region between the two halves, which spreads slowly down to the tip, the amount of material under tension, which is involved, must decrease gradually from the top down. A model illustrating the phenomenon can be made from a 10 cm. strip of 16 mm. cinematograph film, cutting it in halves from corner to corner, forming two tapering V's, as shown at right of diagram figure 42. These must be given permanent curvatures of small radius (say 2 cm.) by bending them around a fairly hot glass or metal cylinder. Old negative film th a t has been coiled in a small roll for years usually has sufficient curvature without heating and gives better results. The strips are to be cemented together at their tips with a drop of collodion or 'Duco ', when placed in contact back to back, in such a way th a t the curvatures are properly oriented. If now they are held together between thum b and finger at the thick end, there will be a clear space between them, and on cutting off the tip the strips will promptly whip around. The performance can be shown to a large audience by holding the strips in front of the condenser of a projection lantern and snipping off the cemented tips with a pair of scissors.
Another crystal, possibly of the same type as the one just described, splits in an irregular manner, breaking into fragments as the process goes on. Near the base, where it is thickest, it has a distinct herring-bone structure (figure 28, plate 9). Two successive photographs of another crystal of this type show the character of the fragmentation. The breaks appear at various points, their extension proceeding in both directions (figures 29 and 30, plate 9). G e n e s i s a n d l i f e h i s t o r y o f t h e r o d s a n d c l a w s I t was only during the past year th at an attem pt was made to determine the genesis and fife history of the rather complicated crystalline forms recorded by the motion pictures. From recent observations made visually, a few of which were photographed and hundreds recorded by quick pencil sketches, it has been possible to form an opinion of how the rods and 'claw'-like groups have developed.
Instead of the micro-flasks a new type of 'cover', superior to the watch-glass method of Lehmann in th at it offered a much smaller surface of the solution to the air, was prepared by fusing the four corners of a square ' cover-glass ' by touching them with a very minute flame, the small beads formed supporting the glass 0-5 mm. above the surface of the microscope slide. The warm saturated solution was drawn in by capillarity from a drop delivered a t the edge by a pipette, and the formation of crystals started usually in a few minutes.
Needles of two types were observed, very narrow ones, radiating from a fixed point, which were inert, as shown at lower left, plate 9, and thicker isolated ones (figure 35, plate 10), which at first sight appeared to be cylindrical spindles, tapering to a point at each end. The spindle immediately develops a t its centre a narrow kink of the stable type, shown by the photograph in figure 35 , other kinks following in figure 36 . Further developments are shown in figures 37 and 38 (a different crystal), giving strong evidence th at the crystal is rhombic in cross-section; in Spontaneous deform ation of p acid fact, a chain of rhombs is actually in the process of formation in figure 38 , and many cases have been observed which gives still stronger evidence th a t w hat I have cailed^the main stalk has an internal structure consisting of a chain of rhombs arranged end to end, as shown by figure 42 R. I n t e r n a l s t r u c t u r e o f s t a l k a n d i t s d i r e c t i v e a c t i o n
ON T H E GROW TH OF RODS AND CLAWS
We can regard the thickened stable part of the spindle with its internal structure of rhombs, just mentioned, as the early stage of a main stalk, and it appears certain th at it is this structure th at causes the unstable rods to grow out, always a t the same angle of obliquity and along a straight line on one side of the stalk. Needles and rods have been observed sprouting along another straight fine on the opposite side, at the same angle of obliquity, but pointing in the opposite direction, as shown in figure 42 L. Figure 27 , plate 9, found on the cinema film, shows the oppositely directed rods on the main stalk. One case was observed -in which a well-isolated stable rod thickened at one point and sprouted a pair of needles one on each side at the same obliquity and parallel to the unstable joint at the free end of the rod (figure 41). The spindles start as extremely narrow threads which thicken more rapidly a t the centre, producing the double tapering referred to previously.
U n s t a b l e r o d s b a s e d o n r h o m b s
Under certain conditions of saturation and cooling, some of the material crystal lizes in the form of thin diamond-shaped plates, with an unstable spindle growing out from the vertex of one or both of the acute angles of the diamond, and parallel to its longer diagonal. Two sequences are shown in figure 42 , A to D, in which a half-spindle grows from each acute vertex, and E to G, in which the growth is from a point on one of the sides. In both cases deformation starts a t the point of attachment, and runs along the spindle, its base appearing to crawl around the apex until entirely on one side in D. Whether this puzzling performance results from molecular shifting, or a combined process of solution and recrystallization, is uncertain, and requires investigation with polarized light. If the upper spindle turns to the left or counter-clockwise, the lower one always turns to the right, also counter-clockwise. In sequence Et o of the sides, but parallel to the one at the apex, and the direction of rotation is clockwise for both.
The next sequence H of two figures shows what might be termed twin rods growing from the lower apex of a rhomb, which opened suddenly like a pair of compasses, the branches moving so rapidly that the movement resembled th at of two rigid bodies. Motion pictures would be necessary for recording the small details of the movement. On numerous occasions one observes thin crystals, similar to those shown at figure 42, I and J , which may be twins, figure 42 I, carry unstable needles, which, at the end of 13 min., had developed as shown by J. The increase in the diameter of a rod with increasing distance from the point of support is seen very frequently, and photographs of such crystals are shown in the group in figure 44, plate 11, taken some minutes after figure 43. The left-hand picture of the upper pair showed no thickening of the very thin rod based on the apex of the diamond-shaped under-surface of the well-developed rhomb or possibly on its dark side, while the gradual thickening and deformation into the stable condition appear in the right-hand picture though with a rather ragged terminus. On the other hand, in the lower group of figure 43, a similarly developed deformation is crowned with a beautiful rhomb (marked by arrow). In figure 44 , taken a few minutes later, no increase in the distance between the terminal rhomb and the one to which it is attached has taken place, though the joint separating the stable from the unstable part has disappeared. Similar conditions must have occurred frequently, as many crystals, such as those shown in figure 42 are recorded in my notes, though their genesis was not determined, and it was assumed th a t the prism was an outgrowth from the rhomb instead of vice versa. Several cases, however, were found on the moving-picture film about which no doubt could exist as to which element formed first. In figure 42 , and are copies of the same rhomb at different stages of its grow th; which record a minute unstable needle based on the left-hand apex and parallel to the long axis of the diamond which presently on
Lh as stabilized itself parallel to the side, and has sprouted need while its base is still unstable and parallel to the long diagonal of the diamond. Unfortunately, the intervening steps did not appear on the film owing to a shift of the field of view. I t seems to be the reverse of what happened a t the bottom of diamond C.Much more advanced growths appear on the other end of rhomb.
Crystal Ms howed clearly that the stable, conical rod was based on the upper surface of the rhomb, and the sequence Tb elow shows where an unstable joint has been trapped between two stable ones, the dark cross-lines approaching each other, as shown by the arrows. The last one of this group shows th at the small rhombs which have formed in the stalk are lined up with the larger one.
The most convincing case of all, however, is shown in figure 40 , which figures two extremely large rhombs A and Dr R. P. Loveland of the Eastman Co. with material which I had sent to Dr Mees. These were copied, as they showed the curvature at certain corners better than any of the photographs. Interesting also were the growths of a needle and a jointed rod which exhibited a row of very minute white spots. These in the second picture, A ' and B ', had acquired the rhombic outlines mentioned in previous cases.
Adjacent drawings of two rhombs which were made from visual observations show the small oblique faces which frequently form on the corners of the crystal. When the growth of an unstable rod has halted momentarily in the stable state with a sloping summit as shown in figure 19 , plate 8, one of three things may happen: it may develop further as an oblique growth, also with a summit which is not perpendicular to the sides, as shown in 1 and 2 in the group in figure 41 marked 'deformations', or, if thicker, and with a larger surface a t the top, shoot out a number of unstable finger-like rods or 'dactyls', perpendicular to the sloping summit, which eventually set themselves parallel to the lower p art of the rod, as shown by 'deformations' 3 and 4 in figure 41 and also in figures 20 and 21, plate 8. Under some circumstances, however, further growth proceeds only by a thickening of the stable rod and the formation of a rhomb, one edge of which is seated on the slanting summit shown by 'deformations' 5 and 6, figure 41. A sequence of four frames from the motion pictures showing the growth of dactyls made with the 32 mm. film from the Berlin material, is reproduced in figure 46 , plate 11. R e l a t i v e s o l u b i l i t y a n d g r o w t h o f s t a b l e a n d u n s t a b l e
•SEGMENTS OF TH E CRYSTALS
After the growth of crystals of mixed type has ceased, the fine needles dissolve first, then the unstable rods and the unstable segments of jointed rods. The stable segments increase in thickness during this process by utilizing the material going into solution from the more soluble elements. After 8 or more hours all of the soluble material has been taken up by the rhombs, everything else having dis appeared, and finally everything may be captured by two or three of the largest rhombs.
Four photographs of a rod having three joints, the middle one unstable, are shown in figure 39 , plate 10. The first was taken after the growth of the crystal was complete, the next three a t appropriate intervals showing the gradual solution of the middle section and the continued growth of the stable ones, the upper one finally disappearing when the fine thread supporting it gave way and it dropped out of focus. Figure 38 , plate 10, also indicates th a t the lower unstable end of the spindle is passing into solution.
L a t e r s t u d y o f t h e d e f o r m a t i o n s
The further developments of crystal 3 in figure 19 of plate 8, after reaching the stage shown in figure 22 of the same plate, are shown in plate 12, where the unstable oblique crystal is larger than the vertical stable one on which it is based. Figures 47 to 51, plate 12, . show only the continuous increase in the length of the stable crystal by the formation and deformation of dactyls, which in figure 47 give the impression of forming a hollow tube, the upper portion of which has deformed to the stable type in figure 48 , while in figure 49 and the following figures the entire crystal has become stable. These figures are highly enlarged from the 32 mm. motion picture film.
No deformation of the oblique unstable crystal appears until figure 51, where the base has become parallel to the stable crystal a t the point indicated by the arrow. From here on it becomes a little difficult to decide on just what happens. The deformation into the stable configuration moves up the crystal in figures 52 to 54, which show clearly the gradual passage of the crystal from the oblique to the vertical position, and its final position behind and parallel to the stable crystal.
The transition from 51 to 52 is the one which is difficult of interpretation, since the continuity of the edge of the stable crystal appears to be interrupted (optically), though becoming continuous again in figure 53 . Note, however, th at this same > interruption appears in figures 47 to 52. Figure 55 was the final stage recorded on the film, though less highly magnified. T he h eats of ad so rp tio n oi* carb o n m onoxide a n d oxygen a n d th e h e a t lib erated d u rin g th e c ata ly tic reactio n o f carb o n m onoxide an d oxygen on a cuprous oxide film form ed on m etallic copper hav e been m easured a t room te m p e ra tu re . T he k in etics o f th e reactio n s have been studied.
T he electrical co n d u c tiv ity of th in films o f oxides has been m easu red du rin g th e red u ctio n w ith hydrogen, a n d a stu d y m ade of th e process o f e m b rittle m e n t, w hereby th e surface is a ctiv ated . T he effect of th e a d so rp tio n of gases on th e co n d u c tiv ity o f th e Cu20-C uO surface has been investigated . O xygen enhances th e c o n d u c tiv ity a n d c arb o n m onoxide an d hydrogen depress it. T he reactio n betw een carbon m onoxide a n d oxygen h as b een followed a t room te m p e ra tu re b y c o n d u ctiv ity m easu rem en ts a n d th e resu lts h av e been em ployed to in te rp re t th e n a tu re o f th e ad so rp tio n , th e k inetics o f th e reaction, a n d th e d e a c tiv a tio n of th e surface b y carb o n m onoxide.
I n t r o d u c t io n
The mechanism of the oxidation of copper over the high-temperature range, 800 to 1000° C, has been explained by Wagner and his co-workers in quantitative terms (Wagner 1933; Wagner & Grimewald 1938) . They postulate th at the oxide layer, which is composed of Cu20 in this temperature range, is a defect structure con taining vacant lattice sites normally filled by Cu+ ions (Schottky defects). The oxide thus possesses oxygen ions in excess, and the excess of oxygen in the lattice over the stoichiometric relationship is dependent on the pressure of oxygen.
